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ABSTRACT: 
A wing from the current fleet of F-111 aircraft was removed from RAAF service and fatigue tested to failure 
under representative spectrum loading at DSTO.  The measured fatigue life was inadequate to certify the 
fatigue safety of the RAAF fleet and led to replacement wings being fitted to the fleet.  A detailed teardown 
inspection was conducted on the test wing, and cracks (including the failure crack) were found to occur in 
holes, typically where the fastener/hole interference level and the surface roughness were outside tolerance.  
The replacement wings were built later in the production history and were shown to have a different, and in 
some regards better, build quality.  A Monte Carlo simulation was used to generate hypothetical wings 
representative of the replacement wings, with interferences and surface roughness attributed to all the holes.  
This was combined with the stress distribution over the wing to predict crack growth at each hole, with the 
fastest growing crack determining the wing life. 
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1 INTRODUCTION 
As part of a life substantiation of the F-111 aircraft (Figure 1) in RAAF service, an ex-RAAF F-111 
wing was tested to failure by DSTO under a representative fatigue load spectrum.  Subsequently a 
detailed teardown inspection was conducted to detect and measure all cracks in the wing, including 
the failure crack.  Cracks were found to occur at tapered interference-fit fastener holes where the 
lower wing skin connected to the underlying spars.  The cracks occurred in holes where the 
fastener/hole interference level was below tolerance and the surface of the hole was rougher than 
tolerance.  These conditions were indicative of poor build (manufacturing) quality of the wing. 
 
 
 
 
 
 
Figure 1: RAAF  F-111 aircraft 
 The failure of the test wing was premature for certifying an adequate safe life of the RAAF fleet 
and led to replacement wings being fitted.  The replacement wings were built later in the production 
history of the aircraft type and were shown to have a different, and in some regards better, build 
quality.  The issue is how much, if any, extra fatigue life this build quality might provide.  In this 
paper we describe how the teardown data are processed to establish relationships between some 
measures of build quality and the Equivalent Initial Flaw Size (EIFS) of the fatigue cracks and the 
crack growth rate.  This relationship can then be used along with the build quality statistics of the 
replacement wings to model their fatigue life. A Monte Carlo simulation is used to generate 
hypothetical wings with interferences attributed to all the holes, which are then combined with the 
stress distribution over the wing to predict crack growth at each hole, with the fastest growing crack 
determining the hypothetical wing life.   
 
2 DATA 
2.1 Test wing  
The test wing was an ex-RAAF wing that had seen 5 418 hours in service and it then completed 
8 089 hours under representative spectrum loading to failure.  Failure occurred at an outboard 
location as shown in Figure 2.  The failure originated from one hole of a long spanwise row of holes 
which attach the lower wing skin to the aft auxiliary spar.   
 After the failure, the wing was torn down to small parts for detailed inspection.  During this 
comprehensive teardown inspection, most cracks detected in the skin and spars were 
fractographically examined, and where possible the build quality (based here on interference and 
surface roughness) and geometry of the individual hole was also recorded. As shown in Figure 2, 
many other holes without crack indications were also chosen to have their build quality and 
geometry recorded.  
 The lower wing skin of the F-111 has over 2 000 tapered interference fit fasteners which attach 
the skin to the internal spars and bulkheads.  Over 360 of the holes were inspected for cracks and 
had build quality and geometry measurements taken.  From this sample  it was demonstrated 
[Harding et al., 2004] that build quality of the test wing was far below acceptable limits, as 
specified in the Repair and Overhaul Instructions for F-111C Aircraft [Anon., 1983].  
 Of the 360 holes inspected (selected either due to a crack indication from surface eddy-current 
inspection or as a part of the wing build quality survey), a total of 129 skin/spar pair holes (258 
individual holes) were broken open, and any cracks detected, photographed and measured 
(Figure 3).  A smaller number of these were examined more closely and had crack growth data 
measured.  This was done by a fractographic survey in which beach marks (striations) on the crack 
surface were correlated to significant load events and patterns in the history of the wing.  In 
particular, the F-111 aircraft structural integrity is managed in service by applying design limit 
loads to the whole aircraft at 2,000 hour intervals.  A special loading facility is used by the RAAF 
to carry out this cold proof load test.  The test leaves distinctive marks on the crack surface (Figure 
3) and allows accurate fractographic analysis.  The proof test load cycle was included in the 
laboratory testing, just as in service, so the full history of the cracks could be measured.   
 Of the 258 holes examined, 67 showed cracking, 34 in skin holes and 33 in spar holes (noting 
that not all holes contained cracks at both the spar and the skin).  In total, there were 107 crack sites 
(at forward or aft sides of holes, and noting that some holes had two crack sites - forward and aft 
sides), and there were of the order of 430 individual cracks in total (noting that multi-site crack 
initiation was prevalent).  Crack growth curves were generated for 142 different cracks in 27 of 
these holes.  With this much 'real' crack growth data collected it was hoped that a correlation could 
be found between an EIFS and surface roughness.  In addition, it was hoped that the interference 
(and stress) would correlate strongly with crack growth rate.  
 
 
Figure 2: Lower wing skin showing holes which were inspected and also cracked holes 
 
 
 However, several features of the data set made it difficult to project backwards to an EIFS, as 
demonstrated in the example shown in Figure 4.  The crack growth program 'AFGROW' [Anon., 
2003] tended to over predict the EIFS.  Finally, by assuming that the initial crack growth rate was 
exponential, an EIFS was approximated by a graphical construction.  This was thought to be 
acceptable, as the data was to be restricted to small cracks that had not yet broken through the 
surface, and were consistently observed to have a log-linear behaviour in crack growth.  Thus, by 
extrapolating the early crack growth back to zero hours (as shown in Figure 4), an EIFS could be 
predicted. 
 Most of the crack growth curves showed a change of slope at approximately 5 400 hours life 
when the wing left RAAF service and the fatigue test started.  The extrapolation for EIFS and the 
allied crack growth rate were based on the initial in-service phase (when there was discernable 
cracked 
build quality survey 
fractographic inspection of test 
failure 
crack growth in this phase), on the basis that it is more representative than the test phase for 
extrapolating to service life estimates. 
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Figure 3: Large crack found inboard of failure (Note the        Figure 4: Typical test wing crack growth data 
distinctive markings of the cold proof load test on the  
fracture surface.)  
 
 
 Unfortunately these EIFS values, determined for the largest cracks in 16 holes for which surface 
roughness and interference-fit values were available, did not correlate strongly with the surface 
roughness measurements (Figure 5).  It is believed that this is due to the way in which the surface 
roughness was measured as an RMS value along the hole bore (a limitation of the measuring 
equipment).  In many holes regular spiral scores marks were observed (seen in Figure 3), thought to 
be caused by drilling with a poor or damaged tapered drill bit.  These spiral score marks tended to 
be regular, and in some cases, holes with such features were observed to have many (up to 20) small 
cracks emanating from the score marks along the hole bore.  Thus it is thought an RMS roughness, 
derived from the overall surface profile and measured along the bore instead of circumferential to it, 
is not truly indicative of the specific crack starter features of the surface.  Similar results have been 
found by others [Broek, 1988].  It is concluded that overall RMS surface roughness is too simplistic 
a measure for correlation with EIFS, and that more research is needed to develop a finer measure of 
surface profile that can establish a significant correlation. 
 With the failure of the EIFS-roughness correlation, the only option that remained was to 
correlate crack growth rate with interference-fit level and stress level.  From the test wing 
fractographic data of 40 lower wing skin holes that have measurements for both interference and 
largest final crack size (shown in Figure 6 for all stress levels), a value of average crack growth rate, 
m, can be calculated assuming the average EIFS at the start of life.  A relationship between crack 
growth rate (m), stress and interference, was determined from the loess function in the statistical 
software program R [Ihaka, 1996].  This function produces a local polynomial regression fit of the 
crack growth rate to the local stress and interference fit data.  The program R then provides a 
prediction function to apply the regression relationship to local stress and interference fit data on a 
new wing and predict the crack growth rate. 
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Figure 5: Correlation of EIFS and surface roughness                 Figure 6: Correlation of final crack size with interference 
 
 
2.2 Survey wings 
The recovery of the RAAFs F-111 fleet was achieved by replacing existing C and G model wings 
with ex-USAF F and D model wings.  Because of the concerns about possible poor build quality 
raised by the failure of the test wing, there was a need to assess the build quality of replacement 
wings, and quantify any relative improvements, [Harding et al., 2004].  It was found that in both 
measures of surface roughness and interference the replacement wings (from a survey of 5) were in 
general better than the test wing (although the substantial variability makes it difficult to predict 
individual wing performance, which is dominated by the distribution of the worst case damage; for 
detailed discussion of build quality issues, see [Harding et al., 2004]).  The mean and standard 
deviation (sd) of normal distributions fitted to the build quality survey data of surface roughness 
and interference are shown in Table 1 below.  The next issue was how the interference element of 
the build quality might influence life.   
 
 
 Normalised interference 0.6 < tolerance < 1.4 
Surface roughness (µ in RMS)
125 > tolerance 
Predicted life  
(spectrum hours) 
Wing mean sd mean sd [% change compared to test wing] 
test wing 0.45 0.28 178 89 23148 
survey wing 1 0.75 0.07 103 67 25045 [8.2] 
survey wing 2 0.69 0.11 78 63 24241 [4.7] 
survey wing 3 0.72 0.11 84 69 24434 [5.6] 
survey wing 4 0.75 0.17 99 78 23986 [3.6] 
survey wing 5 0.69 0.12 94 75 24121 [4.2] 
 
Table 1: Normal distributions of interference and surface roughness for all wings  
 
 
3 LIFE ANALYSIS 
Although there has been no correlation found between surface roughness and EIFS estimates, an 
estimate of the relative differences in 'life' can be made based on the assumption that all holes have 
the average EIFS, derived from the test data as outlined above, i.e. the life differences based on 
observed effects of interference on crack growth.  From a finite element model of the F-111, a 
within 
tolerance 
within tolerance 
spectrum stress scaling factor relative to the stress at the failure location was determined for each 
hole location on the lower wing skin, limited to skin/spar fastener holes only.  This factor was used 
to scale a detailed spectrum that had previously been generated for the failure location. Figure 7 
shows the maximum principal stress in the lower wing skin under high loading, (the wing failed in 
the high stress region outboard).    
 
 
 
 
Figure 7: Maximum principal stress contour plot of lower wing skin under high loading 
 
 
 
 Therefore the time in spectrum hours for a crack to propagate from the EIFS to a critical crack 
size, can now be determined for every hole, based on log-linear crack growth : 
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 Here the critical crack size, af, is taken as half the plate thickness, i.e. the crack is assumed to be 
elliptical and about to become a through crack.  A random number generator (within the R program) 
was used to generate an interference level at each fastener based on a normal distribution 
determined from build quality surveys of the test wing and replacement wings, summarised in 
Table 1.  200 wings1 of each normal distribution of interference (test wing and 5 survey 
replacement wings) were simulated.  For each of the 1 867 holes in each wing, a crack growth rate 
was determined from the individual hole interference and stress.  The shortest time to critical crack 
size of each wing was then recorded, and the average value over the 200 wings is listed in Table 1.  
 
4 RESULTS AND CONCLUSION 
The test wing failed after 8 089 hours of testing on top of 5 418 hours of flight, giving a total of 
13 507 hours.  However, the test loading spectrum was different from actual RAAF flying, and 
when this was accounted for, the total equivalent flight hours at failure was set at 18 918 hours.  
This was done by performing a comparative fatigue analysis on a representative structural feature 
using the service loading spectrum and the test loading spectrum, and deriving a fatigue severity 
ratio between them, which was used to scale the test hours to equivalent flight hours.  The 
equivalent test life of the wing at 18 918 hours agrees well with the average life of 22807 hours in 
                                                          
1 From preliminary studies convergence was achieved with 200 samples. 
failure 
Table 1 based on build quality simulations, and gives confidence in the methodology2.  Table 1 
shows the percentage life increases of the survey F and D model wings compared to the test wing, 
and the overall geometric average life increase is 5.2%.   
 Using an overall average life increase from the survey wings as a factor on the test wing life is 
conservative because it ignores that there are individual lives for the 5 replacement wings.  The safe 
life is derived from the average life by dividing by a scatter factor [DEFSTAN, 1987].   
 The above life estimates assume that the prior usage history of the replacement wings has been at 
a severity comparable to RAAF flying.  If the replacement wings have seen more severe usage, then 
their life will have to be discounted accordingly.  This could be done on an individual basis if the 
history of the wing is known, but could be done on a conservative overall basis if individual 
histories are not known.  In either case, the analysis has shown that their lives should be 5.2% or 
more higher than what the test wing would give under the same circumstances. 
 It is expected that the life of the replacement wings may benefit generally from the overall 
improved surface condition of the holes.  While this was not able to be demonstrated through the 
roughness parameter, the particular hole bore machining features which triggered cracks in the test 
wing did not appear to be as prevalent in the replacement wings.  If the test of one of the 
replacement wings follows this trend, it may demonstrate a life increase over that of the earlier test 
wing. 
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